Abstract-A new generalized approach for microwave phase interferometric measurement of electromagnetic field using an antenna matrix (AM) was developed. The approach allows correction of most significant measurement errors caused by mutual couplings of closely spaced antenna elements. It is based on vector measurements of the AM designed for the frequency 2.60 GHz and Matlab simulations.
INTRODUCTION
Microwave phase interferometry has a long history since 1950, when the first microwave hologram was created at the Bell laboratories. Now, it is being used in a number of applications in industrial and medical areas like antenna testing, [1] , testing of large civil mechanical and aerospace structures, [2] , medical applications, [3] , location systems, [4] , etc. Different systems were designed in frequency ranges from units of GHz up to mm wavelengths, [5] . From the measurement point of view, all these applications need to determine either only amplitude, or amplitude and phase of electrical intensity of an electromagnetic field distribution in a certain plane, area or even space. The measurements can be realized using some form of a single probe mechanically scanning system, [2, 5] , using a number of switched transmitting and receiving antennas in tomography applications, [3] , or using some form of AMs, sometimes called microwave cameras, [6] . The last solution has a great advantage in a possibility of fast real time measurements.
A great effort has been devoted to development of reconstruction algorithms for imaging of measured objects. Surprisingly, measurement errors and proper calibration attracted only a minor if any attention. This problem is important namely in the case of measurement systems using multiple antennas. In order to obtain a good resolution of the measured field, small distances between individual antennas compared to wavelength are required. However, these small distances cause mutual coupling between antennas, which results in systematic measurement errors and smaller attainable dynamics in measured data. Some recommendation can be found in [7] . For dipoles shorter than 0.1λ 0 and spacing between dipoles greater than three times the dipole length, the mutual coupling between dipoles can be neglected. If these conditions are not satisfied, some form of mutual couplings occurs. For scalar interferometric measurement systems there is probably no better solution than that proposed in [7] . Vector measurements, however, offer other possibilities.
The purpose of this paper is to analyze the problem, to develop an error model and to suggest a new calibration and correction method for vector measurements using AMs with a non negligible coupling between individual antennas.
ERROR MODEL
An experimental arrangement for an interferometric measurement consists of one or more transmitting antennas and receiving antennas placed in a certain plane, area or space. The electromagnetic wave from at least one transmitting antenna illuminates the measured object (MO). The transmitted wave is generally reflected, scattered, diffracted or passes through the MO dragging along some information about properties of the MO. Consequently, it interferes with a reference wave not affected by the MO or it interferes with itself creating in both cases a space standing electromagnetic wave. This standing wave is sampled by the AM. Fig. 1 shows an example of an arrangement for measurement of deformations in civil engineering.
In an ideal case, the receiving antennas measure the interfering field only. In case of a real AM some mutual coupling between neighbouring antennas spaced a fraction of the wavelength occurs. The coupling can significantly influence measured data namely in the vicinity of a minimum of the standing wave which may result in high measurement errors. It is the case of interferometric measurements namely. A level of mutual coupling in a AM was studied experimentally. An AM composed of SMD antennas for WiFi applications was designed and realized, see Fig. 2 . Individual dipole antennas were mechanically short but electrically half wavelength long working on frequency 2.6 GHz. The antennas were spaced 27 mm apart, which corresponds to 0.23 times the wavelength. Fig. 2 shows also the coupling factor between individual closest adjacent antennas measured by Agilent PNA E8364A vector network analyser (VNA). The coupling between more spaced antennas was not significant. The measured values of coupling factors were used for further simulation of a measurement arrangement. Let us study a case of an AM with 8 rows and 8 columns with 64 antennas. The flowgraph corresponding to 5 neighbouring antennas inside the matrix is shown in Fig. 3 . Fig. 4 explains numbering of ports. Port number 65 is a transmitting antenna. S i,65 represents a transmission scattering parameter giving information about the intensity of electromagnetic field in the place of the i-th antenna. S i,i represents a reflection of the antenna. 64 antennas are supposed to be step by step switched to a measurement port of a VNA by means of electronic switches. Γ i correspond to reflection coefficients of individual switches. A simulation of space standing wave distribution of intensity of electromagnetic field along rows of the AM described by |S i, 65 | can be seen on Fig. 7 . While in an ideal case of an AM with no coupling between adjacent antennas |S i, 65 | distribution is sampled exactly mutual couplings result in significant discrepancy between measured |S M i, 65 | and correct distribution. In general phases of reflection coefficient of individual switches can be various. Therefore random phases in simulations were studied too. Fig. 8 shows significant increase of S i, 65 measurement errors in this case.
These simulations show that mutual coupling between adjacent antennas in an AM can have dramatic influence on accuracy of measurements. Therefore a new general approach to measurements of electromagnetic field space distribution by means of AM was designed. A proper calibration and correction measurement method can be applied. 
GENERALIZED APPROACH
No matter how the arrangement for an interferometric vector measurement looks like, in can be considered as an n-port, see Fig. 9 . n − 1 ports belong to AM connectors, the nth port corresponds to the illuminating antenna or antennas.
The situation can be described by an s-parameter matrix (2) . In case of an ideal AM with no coupling between antennas S i,j = 0 for i = 1, . . . , n − 1 and j = 1, . . . , n − 1. The s-parameters S i,j for i = 1, . . . , n − 1 and j = n can be simply determined by a calibration with a planar or semi-planar
wave known and with the MO removed. Let us mark these S parameters as S C ij . Next measurements with MO inserted in, provide parameters S M i,j for i = 1, . . . , n − 1 and j = n. The intensity of electromagnetic field in the i, j position of the AM, normalized to the intensity of the planar calibrating wave is then
There are no differences between actual data in the A plane and measured data in the B plane in this ideal case. The situation in a real AM with existing internal couplings is more complicated. Data in the planes A and B differ due to these couplings in the AM.
Firstly, it is necessary to describe a calibration of the VNA itself. From a practical point of view, a manual switching of antennas during the measurement is not acceptable and electronic switching and usage of a multiport test set (MTS) using electronic switches is necessary. In principle, it can be designed similarly as for example the Agilent 87050E Multi-port Test Set but for n measurement ports. In a certain moment, the "selected" couple of measurement ports in the C plane are connected to the measurement ports of the two-port VNA, other unselected ports are connected to internal loads. A calibration of the MTS can be performed by the same way as it is described in the instruction manual for the Agilent 8714ES VNA. If insignificant internal crosstalks between measurement ports can be supposed, a simplified procedure calibrating only pairs of measurement ports is applicable. However, in our case this known calibration procedure must be extended. As will be explained below, measurements of reflection coefficients Γ 1,...,n of the "unselected" ports of the MTS must be performed. It can be simply done using a piece of a known transmission line connected between "selected" and "unselected" ports.
Systematic errors of the calibrated VNA plus MTS in the C plane are removed only on the "selected" pair of ports. The other "unselected" ports of the MTS are not corrected as they are connected to the internal loads of the MTS. Hence, the reflection coefficients Γ 1,...,n of the "unselected" ports of the MTS are connected to currently not being measured ports of the AM. It means that the twoport S parameters of the currently measured ports of the AM are measured with some systematic errors due to imperfect matching at the other ports. Elimination of systematic errors under these conditions was proposed by Rautio, [8] . Using his method with the Gamma-R parameters enables determination of S C i,j during the calibration of AM and also determination of S M i,j during the measurement with the MO included. Corrected results of the measured normalized E i,j in the A plane can be determined by the equation (3). The procedure described above can be simplified. Mutual couplings between individual antennas of the AM are the most significant in case of adjacent antennas. Couplings between far spaced antennas can be neglected. It results in a number of zeros in the matrix (2) . Corresponding measurements are not necessary, therefore.
CONCLUSIONS
A study of systematic errors in electromagnetic field space distribution measurements using antenna matrix was performed. The study was based on vector measurements of mutual couplings between adjacent antennas of the antenna matrix and Matlab simulations of measurements. Significant influence of mutual couplings between adjacent antennas on measurement accuracy was discovered.
A general n-port approach not used up to now in electromagnetic field space distribution measurements was proposed. The approach makes possible to use an error model based on the n-port characterization of the measurement problem and to apply a corresponding correction method for elimination of mutual couplings between individual antennas. The method is applicable for vector electromagnetic field measurements only. It permits to correct measurements even with antennas in the matrix spaced less than a quarter wavelength. The method is suitable in electromagnetic field space distribution measurements. It is advantages namely in such measurements where sharp local space minima it the field distribution can be expected such as in the case of microwave phase interferometry.
